p38α MAPK can positively or negatively regulate Rac-1 activity depending on the presence of serum  by Zuluaga, Susana et al.
FEBS Letters 581 (2007) 3819–3825p38a MAPK can positively or negatively regulate Rac-1
activity depending on the presence of serum
Susana Zuluagaa, Alvaro Gutie´rrez-Uzquizaa, Paloma Bragadob, Alberto A´lvarez-Barrientosc,
Manuel Benitoa, Angel R. Nebredad, Almudena Porrasa,*
a Departamento de Bioquı´mica y Biologı´a Molecular II, Facultad de Farmacia, UCM, Ciudad Universitaria, 28040 Madrid, Spain
b Centro de Investigaciones Biolo´gicas, C.S.I.C., Madrid, Spain
c Fundacio´n Centro Nacional de Investigaciones Cardiovasculares (CNIC), Madrid, Spain
d Centro Nacional de Investigaciones Oncolo´gicas (CNIO), Madrid, Spain
Received 15 March 2007; revised 25 June 2007; accepted 29 June 2007
Available online 16 July 2007
Edited by Lukas HuberAbstract The small GTP-ase Rac-1 can trigger p38 MAPK
activation and, in turn, p38a can regulate signalling pathways
that potentially impinge on Rac-1 activity. We have investigated
the cross-talk between p38a and Rac-1 and found that p38a reg-
ulates the association between Rac-1 and caveolin-1 in serum-de-
prived cardiomyocytes. This interaction depends on cell
attachment and correlates with higher levels of active Rac-1. Ac-
tin organization might regulate the formation of Rac-1–caveolin-
1 complexes. In contrast, the Rac-1–caveolin-1 interaction is al-
most undetectable in the presence of serum, where Rac-1 activity
is negatively regulated by p38a. Our results indicate that p38a
can diﬀerentially contribute to Rac-1 activation depending on
the presence of serum.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Cardiomyocyte1. Introduction
p38 mitogen-activated protein kinases (MAPKs) were iden-
tiﬁed as stress-activated kinases, but they can regulate other
cellular functions unrelated to the stress response. Four diﬀer-
ent p38 MAPKs have been identiﬁed: p38a, b, c and d, which
may have speciﬁc as well as overlapping functions [1–3]. p38a
is the most abundant isoform and its inactivation by gene tar-
geting in mice produces embryonic lethality [4–6]. Although
p38a is not essential for mouse embryonic heart development
[4], it might play a role in myocardial cell death induced by
ischemia–reperfusion [7,8]. p38a is also a negative regulator
of proliferation and cytokinesis in adult cardiomyocytes [9]
and mediates apoptosis induction in embryonic cardiomyo-
cytes [10,11].
p38 MAPKs can also mediate cell migration [12] and some-
times negatively regulate cell adhesion [13]. Rac-1 is a small
GTP-ase that is also involved in cell spreading and adhesion
[14]. Moreover, Rac-1 and p38a might use overlapping path-
ways to mediate cell migration. Thus, the Rac-1–p38 MAPK*Corresponding author. Fax: +34 91 3941779.
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thelial cells [15]. Since Rac-1 can be activated through target-
ing to lipid rafts and caveolae [16] and p38a mediates the
interaction between caveolin-1 and PP2A [11], p38a could
potentially regulate the interaction of caveolin-1 with other
proteins such as Rac-1.
We report here a p38a-dependent Rac-1–caveolin-1 interac-
tion in serum-deprived cells, which correlates with higher Rac-
GTP levels and might be regulated by actin organization. In
contrast, we found that p38a negatively regulates Rac-1 in cells
maintained with serum.2. Materials and methods
2.1. Cell culture
Cardiomyocytes (wt and p38a/) derived cell lines expressing a
temperature-sensitive SV40 large T under the control of the IFN-c-
inducible H-2K promoter [4,17] were grown on collagen coated dishes
in DMEMmedium containing 10% FBS (Gibco), IFN-c (10 U/ml, Sig-
ma) and cardiotrophin-1 (0.2 ng/ml, R&D systems) at 33 C in a
humidiﬁed atmosphere of 5% CO2 and then transferred to 37 C in
the absence of IFN-c for 48 h before the experiments were performed.
The p38a/b chemical inhibitor SB203580 (Calbiochem) was used at
5 lM. To disrupt the actin cytoskeleton, cytochalasin D (Sigma) was
used at 20 lM for 1 h.2.2. Analysis of Rac-GTP levels
A GST-Pak-1 protein bound to agarose beads was used to precipi-
tate Rac-GTP from total cell extracts (0.75–1 mg of protein), essen-
tially as described [18]. Rac-1 was detected by Western blotting and
densitometry values were used to normalize Rac-GTP levels to total
Rac-1 levels.2.3. Analysis of Rac-1–caveolin-1 complex formation
Total cell extracts were obtained as described [4] and were immuno-
precipitated (0.75–1 mg of protein) using a polyclonal caveolin-1 anti-
body (BD, 610060) and protein A-agarose [11]. Immunocomplexes
were analyzed by Western blotting.2.4. Western blotting and MAPKAP kinase-2 assay
Western blotting was performed as described [4]. Nitrocellulose
membranes were probed with the following antibodies: p38a (Santa
Cruz, sc-535), caveolin-1 (BD, 610060), GFP (Molecular Probes,
A11122), phospho-p38 (Cell Signaling, 9211), phospho-Akt (Cell Sig-
naling, 9271), phospho-ERKs (Cell Signaling, 9101), phospho-MK-2
(Cell Signaling, 3044) and Rac-1 (Upstate 05-389).
MAPKAP kinase-2 (MK-2) activity was assayed in immunocom-
plexes using Hsp27 as a substrate, essentially as described [4].blished by Elsevier B.V. All rights reserved.
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Cells were ﬁxed in 3.5% paraformaldehyde at room temperature
(RT), permeabilized with methanol, washed with PBS and incubated
with a mouse anti-Rac-1 (dilution 1:300) or a rabbit anti-caveolin-1
(dilution 1:500) in 0.1% BSA PBS for 1 h at RT. Then, cells were incu-
bated for 2 h at RT with DAPI (5 lg/ml) and FITC-labelled anti-
mouse or Cy3-labeled anti-rabbit, respectively. Finally, cells were
washed with PBS and mounted in PBS-glycerol.
F-actin was analyzed with Phalloidin-TRITC after ﬁxation of the
cells in 4% paraformaldehyde.
2.6. Dominant negative Rac-1
The dominant negative Rac-1 N17 mutant fused to GFP in the
pcDNA3 vector [18] was co-transfected with pBabe-puro using a mod-
iﬁed calcium phosphate method (Stratagene MBS kit, 200388-51).
Clones with stable expression were picked after selection with 1 lg/
ml puromycine (Sigma).
2.7. Adhesion assays
Trypsinized cells were resuspended in DMEM containing 10% FBS,
seeded and kept in the incubator at 37 C for 30 min. After washing
with PBS, adhered cells were stained with Crystal violet and quantiﬁed
spectrophotometrically.
2.8. Statistical analysis
Statistical analysis was carried out by Student’s t-test.Fig. 1. Rac-GTP levels are regulated by p38a and cell attachment in
serum-deprived cardiomyocytes. (A) Cardiomyocytes were serum-
deprived overnight and treated or not with SB203580, as indicated.
MK-2 activity was assayed on Hsp27. Numbers indicate Rac-GTP
levels normalized to total Rac-1 levels. (B) Cells were serum-deprived
overnight and then maintained for 6 h, either attached (Att) or in
suspension (detached, Det) in serum-free medium. Total lysates were
analyzed by Western-blotting with the indicated antibodies. Rac-GTP
was normalized as in (A). (C) Caveolin-1 immunoprecipitates were
prepared from the indicated cell extracts and analyzed by Western
blotting with Rac-1 and caveolin-1 antibodies. In the control, wt cell
extracts were incubated with protein A-agarose beads.
Fig. 2. Regulation of Rac-1–caveolin-1 complex formation by cell
detachment and cholesterol depletion in serum-deprived cells. Cardio-
myocytes were serum-deprived overnight and then maintained either
attached (Att) or in suspension (Det) in serum-free medium for 6 h (A)
or were treated with 10 mM methylcyclodextrin (MCD) for 1 h (B).
Caveolin-1 immunoprecipitates were analyzed by Western blotting
with Rac-1 and caveolin-1 antibodies.3. Results
3.1. Activation of Rac-1 in serum-deprived cells involves the
formation of a caveolin-1–Rac-1 complex and is dependent
on both p38a and cell attachment
Rac-1 can induce p38 MAPK activation [15,19]. We have
analyzed the relationship between Rac-1 and p38a using
p38a-deﬁcient cardiomyocytes and found that in cells serum-
deprived for 16 h, Rac-GTP levels were about fourfold higher
in wt than in p38a-deﬁcient cells. Rac-GTP levels were already
higher 30 min after serum deprivation, but continued to in-
crease in a time dependent manner (supplementary Fig. 1).
Moreover, the use of SB203580 to inhibit p38a (as shown by
the reduced activity of the p38-activated kinase MK-2 on
Hsp27) decreased Rac-1-GTP levels in wt cells to about the
same level as that found in p38a/ cells (Fig. 1A). Cell
detachment also decreased Rac-1-GTP levels in wt cells, but
had no signiﬁcant eﬀect in p38a/ cells (Fig. 1B), suggesting
the requirement of attachment for p38a-mediated Rac-1 acti-
vation. Accordingly, although p38a phosphorylation levels
were increased upon detachment in wt cells, Rac-GTP levels
signiﬁcantly decreased (Fig. 1B). We also noticed the enhanced
phosphorylation of another p38 MAPK isoform in detached
p38a-deﬁcient cells (Fig. 1B), which may be accounted for
the upregulation of the p38 MAPK activator MKK6 in these
cells [20].
Since active Rac-1 binds preferentially to lipid rafts and cav-
eolae upon integrin activation [16] and Rac-1 can potentially
interact with caveolin-1 [21], we investigated the interaction be-
tween Rac-1 and caveolin-1. We found that Rac-1 co-immuno-
precipitated with caveolin-1 in wt cells (1.5% of total Rac-1),
while this interaction was almost undetectable (0.06% of total
Rac-1) in p38a-deﬁcient cells or in SB203580-treated wt cells
(Fig. 1C).
Cell attachment through integrin activation is involved in
Rac-1 membrane localization. We found that Rac-1 was no
longer associated with caveolin-1 in detached wt cells(Fig. 2A), resembling the lack of association observed in
p38a/ cells (either attached or detached). Cell detachment
triggers internalization of plasma membrane cholesterol as
well as other lipid rafts components [16]. Similarly, cholesterol
depletion disrupts lipid rafts–caveolae and it may mimic loss of
adhesion. According to this, cholesterol depletion induced by
treatment with methyl-b-cyclodextrin (MCD) impaired the
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wt cells, while it had no eﬀect in p38a/ cells (Fig. 2B). Addi-
tion of cholesterol to MCD-treated cells reversed the eﬀect of
MCD (data not shown).
These results indicate that p38a regulates Rac-1 activity and
caveolin-1–Rac-1 interaction by a mechanism dependent on
cell attachment in serum-deprived cells. In addition, Rac-1
activity appeared to be dependent on the adhesion substrate.
Thus, collagen increased Rac-GTP levels in wt cells, while de-
creased them in p38a-deﬁcient cells (supplementary Fig. 2).
3.2. Negative regulation of Rac-1 activity by p38a in cells
maintained with serum
Rac-GTP levels were higher in wt than in p38a-deﬁcient
cardiomyocytes upon serum-deprivation. Next, we investi-
gated whether this positive eﬀect of p38a on Rac-1 activity
would also take place in conﬂuent cells maintained with 10%
serum, which proliferate at a similar rate as serum-deprived
cells (supplementary Fig. 3). Surprisingly, we found that, un-
der these conditions, Rac-GTP levels were higher in p38a-deﬁ-
cient than in wt cardiomyocytes (Fig. 3A, left panel). It should
be noted that serum triggers the activation of many signalling
pathways that can potentially synergise or antagonise with the
presence or absence of p38a. Thus, although p38a and MK-2
phosphorylation was lower in wt cells after long-term treat-
ment with serum, ERKs and Akt phosphorylation was slightlyFig. 3. Up-regulation of Rac-GTP levels in p38a-deﬁcient cells maintained w
overnight or maintained with 10% serum (long-term treatment). Total lysates
GTP levels were normalized to total Rac-1 levels. (B) Caveolin-1 immunop
treated as indicated, and analyzed by Western blotting with Rac-1 and cav
densitometries (3–5 diﬀerent experiments). (C) Cardiomyocytes that were at 10
1–Rac-1 interaction, as indicated in (A) and (B). In the control, wt cell extrahigher (Fig. 3A, right panel), and was enhanced in p38a-deﬁ-
cient cells [10,11]. Hence, p38a might inhibit Rac-1 activity
when serum is present as a result of the diﬀerent balance be-
tween various signalling pathways.
We also analyzed if caveolin-1 interacted with Rac-1 in cells
maintained with serum and found that caveolin-1–Rac-1 asso-
ciation was very low in both wt and p38a-deﬁcient conﬂuent
cardiomyocytes (Fig. 3B). Accordingly, SB203580 had no ef-
fect on Rac-1–caveolin-1 interaction. These results suggested
that the formation of the caveolin-1–Rac-1 complex was nei-
ther p38a dependent nor correlated with Rac-1 activation
when serum was present. In contrast, cell conﬂuence appeared
to play a role and caveolin-1–Rac-1 interaction was undetect-
able whereas Rac-1 activity highly increased in sub-conﬂuent
cells (both wt and p38a/) (Fig. 3C).
3.3. Regulation of the subcellular localization of Rac-1 and
caveolin-1 and of Rac-1 activity by p38a-mediated changes
in the actin cytoskeleton upon serum deprivation
Analysis by confocal microscopy revealed the presence of a
fraction of Rac-1 in the membrane co-localizing in some do-
mains with caveolin-1 in serum-starved wt cells (Fig. 4A).
However, caveolin-1 and Rac-1 appeared to be more internal-
ized in p38a/ cells and, as a consequence, Rac-1 rarely co-
localized with caveolin-1 in the membrane. In contrast, when
cells were maintained with serum, a higher amount of Rac-1ith serum. (A) Conﬂuent cardiomyocytes were either serum-deprived
were analyzed by Western blotting with the indicated antibodies. Rac-
recipitates were prepared from conﬂuent cardiomyocytes, which were
eolin-1 antibodies. Histograms represent mean values ± S.E.M. of the
0% or 80% conﬂuence were analyzed for Rac-GTP levels and caveolin-
cts were incubated with protein A-agarose beads.
Fig. 4. Confocal microscopy analysis of Rac-1, caveolin-1 and actin. Cardiomyocytes were serum-deprived or maintained with serum for 24 h. Rac-1
was detected in green (FITC), caveolin-1 in red (Cy3) and nuclei in blue (DAPI). Actin ﬁlaments were detected with Phalloidin-TRITC (right). (A)
Eﬀect of the presence or absence of serum. Arrows indicate co-localization of Rac-1 and caveolin-1 in the plasma membrane. (B) Eﬀect of
cytochalasin D in serum-deprived cells. Bar is 25 lm.
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Rac-1 fraction did not co-localize with caveolin-1 (Fig. 4A),
because caveolin-1 was predominantly internalized (in both
wt and p38a/ cells). Moreover, phalloidin staining revealed
a disorganized actin-cytoskeleton in serum-deprived p38a-deﬁ-
cient cardiomyocytes (Fig. 4A), but no co-localization between
Rac-1 and actin was found either in wt or p38a-deﬁcient cells
(supplementary Fig. 4). The reduced number of stress ﬁbers in
cells lacking p38a could account for the higher internalization
of caveolin-1. Thus, under serum-deprivation, disruption of
the actin cytoskeleton by cytochalasin D treatment induced
the internalization of caveolin-1, mainly in wt cardiomyocytes,
so that Rac-1 and caveolin-1 did not further co-localize in the
membrane (Fig. 4B).
Since disorganization of the actin cytoskeleton prevented
Rac-1 and caveolin-1 co-localization in the membrane of wtcells, we analyzed if it also interfered with the interaction be-
tween these two proteins. We found that cytochalasin D treat-
ment impaired caveolin-1–Rac-1 interaction in serum-deprived
wt cells (Fig. 5A) and highly decreased Rac-GTP levels
(Fig. 5B).3.4. p38a regulates cell adhesion through Rac-1
The ability of Rac-1 to regulate cell adhesion [13], prompted
us to investigate how the increased Rac-GTP levels in p38a-
deﬁcient cardiomyocytes maintained with serum (Fig. 3A)
could aﬀect cell adhesion. We found that the enhanced Rac-
1 activity of p38a-deﬁcient cardiomyocytes correlated with
more eﬃcient attachment of these cells (Fig. 6A). This suggests
that p38a-mediated down-regulation of Rac-GTP levels could
result in decreased adhesion of wt cells. In support of this
Fig. 5. Disruption of the actin cytoskeleton impairs Rac-1–caveolin-1
complex formation in serum-deprived cardiomyocytes. Cardiomyo-
cytes (wt) were serum-deprived overnight and then treated or not with
cytochalasin D. (A) Caveolin-1 immunoprecipitates were analyzed by
Western blotting with Rac-1 and caveolin-1 antibodies. (B) Rac-GTP
levels were normalized to total Rac-1 levels.
Fig. 6. Dominant negative Rac-1 abolishes the enhanced adhesion of
p38a-deﬁcient cardiomyocytes. (A) Cardiomyocytes (wt and p38a/
), that were transfected or not with the Rac-1 N17 mutant, were
seeded in medium supplemented with 10% serum and, 30 min later, the
attached cells were quantiﬁed by Crystal violet staining (*P < 0.05 as
compared with non-transfected wt cells; ++P < 0.001). (B) Cardiomyo-
cytes were transfected or not with GFP-Rac-1 N17 and then
maintained in the absence (upper) or presence of serum (lower),
before analyzing Rac-GTP levels, which were normalized to total Rac-
1 levels.
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Rac-1 N17 mutant [18] fused to GFP decreased adhesion
(Fig. 6A) as well as highly reduced Rac-GTP levels (Fig. 6B)
in both wt and p38a-deﬁcient cells. Rac-1 N17 mutant did
not aﬀect the interaction between Rac-1 and caveolin-1 in ser-
um-deprived wt cells indicating that Rac-1 activity does not
regulate Rac-1–caveolin-1 complex formation (supplementary
Fig. 5).4. Discussion
Our results support the existence of a cross-talk mechanism
between p38aMAPK and Rac-1, where p38a appears to play a
dual role depending on the presence of serum. Thus, upon ser-
um-deprivation, p38a would mediate the formation of a cave-
olin-1–Rac-1 complex, which results in increased Rac-1
activity. The formation of this complex requires cell attach-
ment, most likely through a mechanism dependent on integrin
and/or cadherin activation, since it is produced in the absence
of growth factors. In contrast, when cells are in the presence of
growth factors (i.e., serum), p38a down-regulates Rac-1 activ-
ity. Under these conditions, caveolin-1–Rac-1 interaction is
highly reduced and is independent of p38a. Moreover, Rac-
GTP levels are increased in p38a-deﬁcient cells incubated with
serum, which probably accounts for an enhanced adhesion, as
this is impaired by the expression of a dominant negative Rac-
1 mutant.
Activation of integrins induces the binding of active Rac-1
to cholesterol-rich membranes [16]. Accordingly, cholesterol
depletion as well as cell detachment impairs Rac-1 membrane
targeting, leading to the internalization and inactivation of
Rac-1 [16]. The disruption of the caveolin-1–Rac-1 complex
upon cholesterol depletion or detachment in serum-deprived
wt cells indicates that integrin activation could induce the for-
mation of this complex. Mammalian integrins form several
subfamilies with many members, based on the association of
the diﬀerent b subunits with distinct a subunits. It is therefore
diﬃcult to establish the precise role played by integrins, as it
would be necessary to block many potential types of combina-
tions. However, the fact that collagen modiﬁes Rac-1 activity
under both serum-deprivation and detachment conditions,
suggests a mechanism depending on integrins. Moreover, the
eﬀect of cell conﬂuence on caveolin-1–Rac-1 interaction and
Rac-1 activity in the presence of serum supports the relevance
of cell-cell interactions, in addition to cell-matrix interactions.
p38a appears to regulate Rac-1–caveolin-1 interaction
(mainly at the membrane) through regulation of actin cyto-
skeleton organization. Thus, stress ﬁbers are clearly formed
in serum-deprived wt cells, but not in p38a-deﬁcient cells,
where the actin cytoskeleton is disorganized. This could ac-
count for the internalization of caveolin-1 observed in ser-
um-deprived p38a-deﬁcient cells, since disorganization of the
actin-cytoskeleton by cytochalasin D induced caveolin-1 inter-
nalization in serum-deprived wt cells. Moreover, cytochalasin
D treatment blocked the caveolin-1–Rac-1 interaction. These
results agree with recent data indicating that actin microﬁla-
ments regulate the localization of signalling components in li-
pid raft/caveolae, such as adenylyl cyclase in cardiomyocytes
[22].
The small GTP-ase Rho might be involved in the p38a-in-
duced formation of the caveolin-1–Rac-1 complex upon serum
deprivation through the re-organization of actin cytoskeleton.
Thus, although Rho activity was similar in wt than in p38a-
deﬁcient cells, inhibition of its downstream kinase ROCK
blocked caveolin-1–Rac-1 interaction as well as actin cytoskel-
eton organization (data not shown).
A crosstalk between integrins and growth factor receptors is
essential to regulate many cellular functions in adherent cells.
According to this, in cells maintained with serum, the growth
factors would modify the regulation of Rac-1 by integrins
and/or cadherins through modulation of multiple signalling
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vates PI3K/Akt and ERKs, but attenuates p38a activation in
wt cardiomyoctes [11]. Moreover, the activities of both Akt
and ERKs are up-regulated in p38a/ cells [10,11] and per-
haps other signalling pathways acting upstream Rac-1 could
be enhanced as well. This could lead to the up-regulation of
Rac-1 activity in p38a-deﬁcient cardiomyocytes maintained
with serum, since actin organization and caveolin-1 distribu-
tion is similar in wt and p38a-deﬁcient cells. Caveolin-1 is
internalized in both cell lines and as a consequence, Rac-1–
caveolin-1 interaction is very low. Thus, Rac-1 might be an-
chored in the membrane through geranyl–geranyl groups and
its activation might not be regulated by p38a through actin
organization and caveolin-1 interaction, but through regula-
tion of signalling pathways acting upstream Rac-1.
The increased Rac-1 activity observed in p38a-deﬁcient
cardiomyocytes maintained with serum seems to mediate cell
adhesion, since the expression of a Rac-1 dominant negative
mutant highly decreased it. This would be in agreement with
data showing that Rac-1 mediates cell adhesion through regu-
lation of the actin cytoskeleton [14]. Taking into account the
implication of Rac-1 and p38a in the regulation of adhesion
and the p38a/Rac-1 cross-talk that we report here, it is possible
that both proteins could act in the same pathway. Thus, in the
presence of growth factors, Rac-1 would mediate cell adhesion,
while p38a would inhibit it, most likely through inhibition of
Rac-1 activity.
In summary, our results indicate that p38a can diﬀerently
regulate Rac-1 depending on the presence or absence of serum.
Upon serum-deprivation, p38a-mediated actin organization
would facilitate caveolin-1–Rac-1 interaction in the membrane
and Rac-1 activation. In contrast, p38a negatively regulates,
probably indirectly via other signalling pathways, Rac-1 acti-
vation in cells maintained with serum. These observations
might be potentially relevant for cardiac function, based on
the partial similarity between serum-starvation and ischemia,
which involves deﬁciency in trophic factors, metabolites and
oxygen. Moreover, the implication of p38a in myocardial cell
death induced by ischemia-reperfusion [7,8] and the enhanced
Rac-1 activity mediated by p38a upon serum-starvation, sug-
gest that Rac-1 might also play a role in ischemia.Acknowledgements: We thank Dr. M.A. del Pozo for the Rac-1 N17
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